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This study presents a novel approach that enables an environmentally benign water-based co-solvent synthesis of
fluorinated polyimides (FPIs) using conventional fluorine-based monomers such as 4,4-(hexa-
fluoroisopropylidene)diphthalic anhydride (6FDA) and 2,2-bis(trifluoromethyl)benzidine (TFMB). The high
surface tension inherent in fluorine-based materials, which inhibits water solubility, can be overcome by mixing
water with an alcohol-based solvent. The surface tension of the co-solvent decreases proportionally with the
alcohol content, facilitating synthesis from fluorine-based monomers that were previously inaccessible in water.
Oligomeric fluorinated poly(amic acid) salt (FPAAS) can be rapidly synthesized in aqueous solutions containing
alcohol, particularly 1-propanol (PrOH). Subsequent coating and thermal treatment processes allow high mo-
lecular weight FPI films to be produced by solid-state polymerization. A comprehensive analysis of the resulting
FPI films shows excellent physical properties comparable to conventionally synthesized FPI films. The 6FDA-
TFMB-based FPI exhibits remarkable thermal stability up to 570 °C (Tq,s50), low yellow index of 1.37, high
transparency of 92.9 % and tensile strength of 116.5 MPa. The presented synthetic strategy allows the adoption
of monomers with different fluorine-based substituents, thus providing insights for future aqueous synthesis. The
thermal, mechanical, and optical qualities of FPIs can be utilized to create optically clear heating devices. The
transparent heater, fabricated on the FPI film utilizing a laser patterning technique to create electrodes from
silver nanowires, was capable of increasing the temperature up to 100 °C under a 9 V voltage application.

1. Introduction

Polyimide is a highly desirable material due to its exceptional
chemical resistance, mechanical properties, and heat resistance. It is
widely used in various industries, including automotive, semiconductor,
aviation, and marine applications [1,2,3,4,5,6,7]. Fluorinated polyimide
(FPI) is a versatile material widely used in various applications, such as
displays and transparent films, due to its remarkable physical properties,
including high optical transparency, low dielectric constant, and mini-
mal moisture absorption [8,9,10,11,12]. FPI, like other polyimides, is

traditionally synthesized through the formation of poly(amic acid)
(PAA), a precursor, in an organic solvent, followed by imidization. The
solvents commonly used for this process, such as N-methyl-2-pyrroli-
done (NMP), dimethylacetamide (DMAc), and dimethylformamide
(DMF), are polar aprotic solvents [13,14,15]. However, these solvents
are environmentally hazardous and toxic [16,17,18,19]. Additionally,
PAA is susceptible to rapid hydrolysis and exhibits inadequate storage
stability [20,21].

To address these limitations, researchers are investigating hydro-
thermal polymerization as an environmentally friendly method for
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producing polyimides that does not require organic solvents. This
method involves dispersing the main synthetic components, diamine
and dianhydride, in water to produce monomer salts, eliminating the
need for additional chemicals or catalysts and making it a more eco-
friendly option. However, this method presents challenges due to the
demanding conditions of high temperature and pressure [22,23,24]. The
utilization of water as a solvent for polymerization is a viable alternative
to the challenging method mentioned earlier. Aqueous synthesis enables
direct production of poly(amic acid) salt (PAAS) precursors that exhibit
robust hydrolytic stability compared to PAA. It is worth noting that
unlike PAA, which is prone to hydrolysis, PAAS exhibits robust hydro-
lytic stability. The aqueous polymerization method simplifies the syn-
thesis process for preparing PAAS by enabling one-step synthesis, unlike
the traditional two-step organic process of synthesizing PAA and then
dissolving it in water. This method also facilitates the production of
PAAS with outstanding storage stability, making it an environmentally
friendly and efficient technique [25,26,27,28,29]. While it does have an
inherent limitation, the benefits of this method make it a highly rec-
ommended approach for PAAS synthesis. Aqueous polymerization is
limited to monomers with good water solubility, such as 3,3,4,4-
biphenyltetracarboxylic dianhydride (BPDA), p-phenylenediamine
(pPDA), and m-tolidine (mTB) [30,31,32,33,34]. Monomers containing
fluorine groups or with limited solubility in water are not suitable for
aqueous polymerization. Continued research into environmentally
friendly synthesis methods for hydrophobic fluorine-based materials in
aqueous systems is imperative, as this remains a significant and chal-
lenging task.

In this study, we introduce as novel synthesis method for fluorinated
polyimides (FPIs) using an aqueous-based co-solvent tailored for typical
fluorine-based monomers, such as 4,4-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA) and 2,2-bis(trifluoromethyl)benzidine
(TFMB). Fluorine-based materials inherently possess high surface ten-
sion, which hinders their dissolution in water [35]. To overcome this
limitation, we developed a co-solvent engineering method by combining
water with an alcohol-based solvent, which effectively reduces surface
tension. Importantly, the surface tension of the mixed co-solvent de-
creases proportionally with the alcohol content. This enables the syn-
thesis of fluorine-based monomers that were previously challenging to
dissolve in water. Oligomeric FPAAS was successfully synthesized in
aqueous solutions containing alcohol, particularly 1-propanol (PrOH).
The reaction completed rapidly within one hour. High molecular weight
FPI films were achieved through solid-state polymerization by employ-
ing a coating process followed by thermal treatment. The thermal, me-
chanical, and optical properties of the resulting FPI films were analyzed.
The physical characteristics were found to be outstanding and compa-
rable to FPI films synthesized using conventional solvents such as NMP.
The 6FDA-TFMB-based FPI exhibited remarkable thermal stability with
a decomposition temperature of 570 °C (Tq5%), a low yellow index of
1.37, high transparency of 92.9 % at 550 nm, and a tensile strength of
116.5 MPa. By utilizing the outstanding thermal, mechanical, and op-
tical properties of the resulting FPI films, we effectively produce opti-
cally transparent and thermally stable interfaces. For example,
transparent silver nanowire (AgNW) electrodes can be produced on FPI
substrates and then processed with selective laser ablation. The resulting
transparent, laser-patterned, selective heating device demonstrates sta-
ble heating performance up to 100 °C, indicating potential applications
in anti-fogging or defrosting.

Furthermore, we show that the identical mechanism can be utilized
for monomers that contain different fluorine-based substituents, such as
2-(trifluoromethyl)-1,4-phenylenediamine (TFMPDA) and 2,2-bis(4-
aminophenyl)hexafluoropropane (6FpDA). The combination of an
aqueous-based co-solvent with fluorine-based monomers offers new
possibilities for eco-friendly FPI synthesis and high-temperature device
applications. These findings present a promising solution to address
challenges associated with future aqueous synthetic strategies.
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2. Experimental section
2.1. Materials

Chemicals were used as purchased, except for 4,4-(hexa-
fluoroisopropylidene)diphthalic anhydride (6FDA, 99.80 %) which was
dried at 190 °C for 10 h in a vacuum after purchase from Changzhou
Sunlight Pharmaceutical Co., Ltd. 2,2-bis(trifluoromethyl)benzidine
(TFMB, 99.98 %) and 2-(trifluoromethyl)-1,4-phenylene diamine
(TFMPDA, >98.0 %) and 2,2-bis(4-aminophenyl)hexafluoropropane
(6FpDA, >98.0 %) purchased from TCI. 4-dimethylaminopyridine
(DMAP, 98.0 %) was purchased from Daejung Chemicals and used as
received. 1-propanol (PrOH, 99.5+%) was purchased from Alfa Aesar.
Methyl alcohol (MeOH, 99.5 %), Ethyl alcohol (EtOH, 99.9 %), and 2-
propanol (IPA, 99.5 %) were purchased from Samchun Pure Chemical
Co., Ltd. N,N-Dimethylacetamide (DMAc, 99.8 %) was purchased from
Sigma-Aldrich.

2.2. Synthesis of oligomeric fluorinated PAAS (FPAAS)

A co-solvent was prepared using deionized water and PrOH. The
monomers containing fluorine groups were used to synthesize it by
varying the mixing ratio of PrOH, which was selected as a cosolvent, and
the existing solvent. Co-solvents were created with different water and
PrOH ratios, ranging from 10:0 to 0:10. The precursor was then syn-
thesized under a nitrogen atmosphere. DMAP (16.7984 g, 0.1375 mol)
was dissolved in a co-solvent in a 250 ml round bottom flask, mixed with
TFMB (17.6132 g, 0.055 mol), and stirred at room temperature for 40
min. Subsequently, 6FDA (24.4332 g, 0.055 mol) was added and stirred
at 70 °C for 1 h to obtain a 20 wt% oligomeric FPAAS solution. The same
procedure was applied to synthesize oligomeric FPAAS using TFMPDA
and 6FpDA. The synthesis was performed by adding TFMPDA (5.2842 g,
0.03 mol) and 6FpDA (10.0281 g, 0.03 mol), respectively. At this time,
DMAP (9.1628 g, 0.075 mol) and 6FDA (13.3272 g, 0.03 mol) were used
together.

2.3. Synthesis of organic-based fluorinated PAA (O-FPAA)

A precursor was synthesized using DMAc as a solvent in a nitrogen
atmosphere, similar to oligomeric FPAAS synthesis. TFMB (16.0120 g,
0.05 mol) and DMAc were mixed in a 250 ml round bottom flask and
stirred at room temperature for 40 min. Next, 6FDA (22.2120 g, 0.05
mol) was slowly added over a period of 10 min while in an ice bath. The
solution was then stirred for 18 h to produce a 20 wt% FPAA solution.

2.4. Preparation of fluorinated polyimide (FPI) film via solid-state
polymerization and thermal imidization

The oligomeric FPAAS solution was uniformly coated onto a glass
plate to create the FPI film. The solid-state polymerization and thermal
imidization process were conducted in a vacuum oven following a
temperature and time sequence: 40 °C for 3 h, 80 °C for 1 h, 100 °C for
30 min, 150 °C for 40 min, 200 °C for 40 min, 250 °C for 40 min, and
finally 300 °C for 1 h. The heating rate was kept at 1 °C min~* when
rising from room temperature to 40 °C and from 40 °C to 80 °C. Sub-
sequently, the rate was increased to 5 °C min ' for the subsequent
stages. In order to achieve a uniform and excellent FPI film, it is of
paramount importance to control the rate of temperature increase dur-
ing the heat treatment process. The relatively low boiling points of PrOH
and water, which are used as solvents, result in the generation of a
considerable number of bubbles in the film when the temperature is
rapidly increased from a low temperature. Therefore, in the low-
temperature heat treatment step, it is important that the solvent is

removed slowly at 1 °C min™'.
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2.5. Characterization of oligomeric FPAAS and FPI

'H Nuclear Magnetic Resonance (*HNMR) spectroscopy was carried
out at a concentration of 10 mg ml ™' using dimethylsulfoxide-dg
(DMSO-dg) and deuterium oxide (D,0) as solvents on a Bruker advance
500 MHz spectrometer. Fourier Transform Infrared (FT-IR) spectra were
collected in the 650-4,000 cm ™! range using a Bruker Alpha-P spec-
trophotometer in ATR mode. Gel Permeation Chromatography (GPC)
was carried out using Shodex columns at 50 °C with a flow rate of 0.8 ml
min~!. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
Spectrometry (MALDI-TOF-MS) analyses were conducted using a Bruker
Autoflex Speed TOF/TOF in positive reflector mode. Trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was
employed as the matrix, and acetone was used as the solvent.

The properties of the prepared FPI film were assessed using the
following techniques. Thermogravimetric analysis (TGA) was conducted
within a temperature range of room temperature (RT) to 800 °C at a
heating rate of 10 °C min-1 under a nitrogen atmosphere using a Dis-
covery TGA 5500 instrument from TA Instruments. Dynamic mechanical
analysis (DMA) was conducted at a rate of 10 °C min~! within the RT-
400 °C temperature range using TA Instruments DMA Q800 equipment.
The measurement was conducted at a frequency of 5 Hz and a strain of
0.5 %. Universal testing machine (UTM) measurements were performed
on tensile specimens prepared in a standard ASTM D882 using Instron’s
INSTRON 5567 equipment. Each tensile specimen was subjected to a
load of 10 kgf at a crosshead speed of 10 mm min~), and at least five
values per specimen were averaged. Grazing Incidence Wide Angle X-
ray Scattering (GIWAXS) experiments were performed at the 9A beam-
line at the Pohang Accelerator Research Center. The measurements
utilized a Mar CCD detector and an X-ray source of 11.08 keV, with the
angle of incidence set between 0.10°-0.15°. Yellow index was measured
using a spectrophotometer in L*a*b* color mode according to ASTM
E313:96 / KS A 0061:2015 and analyzed using CM-3700d (d/8).
Transmittance and haze were measured using haze-grad plus following
ASTM D1003 guidelines.

2.6. Fabrication of transparent AGNW electrodes on FPI substrate

The AgNW electrodes were formed on the FPI substrates using a
vacuum filtration transfer process [36]. A vacuum pump (MZ 2C NT,
VacuuBrand) was connected to a vacuum filter holder (47 mm, LukeGL).
Membrane filters composed of nylon filter (0.2 pm, Whatman) and
polytetrafluoroethylene (PTFE) filter (0.2 pm, Sterlitech) were placed on
top of the holder, then a glass funnel (300 ml LukeGL) was covered.
Subsequently, a prepared AgNW solution with a desired density (Flex-
iowire2020, SG FLEXIO), which dispersed in ethanol, was poured
through the filter. Once the filtration was completed, the AgNWs on the
filter can be transferred to a prepared CPI substrate by pressing for 1
min. Laser ablation AgNWs on FPI films was performed using an infrared
(IR) pulse laser (M1, Mr Carve) with a wavelength of 1024 nm. The laser
scanning path was controlled by laser marker (BslAppSimple, Mr Carve).
The laser scanning speed and output power were fixed at 400 mm s~*
and 1 W, respectively, with a pulse speed of 30 kHz.

2.7. Characterization of FPI/AgNW heaters

Optical transparency of FPI/AgNW heating devices was measured
using a ultraviolet (UV)-vis spectrophotometer (LAMDA 365, Perki-
nElmer). Surface resistivity of the heating devices was measured using a
multimeter (FLUKE-289, FLUKE) and liquid metal (eutectic Gallium-
Indium, EGaln) contacts. For characterizing electrothermal heating
properties, copper tapes and wires were attached to ends of the samples
such that electrical contact was made to both sides of the film, and a DC
power supply (TDP-303B, TOYOTECH) was used for electrical input.
Then, IR thermal images were taken an IR camera (E54, FLIR).
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3. Results and discussion

We synthesized an oligomeric FPAAS according to the procedure
shown in Fig. 1a. A monomer containing a fluorine-based substituent
was used to prepare oligomeric FPAAS. 6FDA was fixed with dianhy-
dride and diamines such as TFMB, TFMPDA and 6FpDA were used.
Water was selected as the solvent to use an environmentally friendly
synthesis method, and a mixture of alcohol solvents was used to increase
the solubility of the fluorine-based monomer. DMAP, used as an organic
base, helps the dianhydride to dissolve in water by forming a quaternary
ammonium carboxylate instead of being converted to carboxylic acid.
The synthesized oligomeric FPAAS precursor has a very low molecular
weight of 1,000-2,000 g mol !, which is generally significantly different
from the molecular weight of the precursor (PAAS) synthesized by
aqueous polymerization [37].

The oligomeric FPAAS is subjected to a thermal imidization process.
After the solvent evaporates, an imide structure is formed, and molec-
ular weight amplification occurs through solid-state polymerization, as
depicted in Fig. 1b. This can be verified by conducting molecular weight
and various structural analyses at different temperatures. The conver-
sion mechanism of oligomeric FPAAS to FPI is similar to the PI con-
version mechanism of poly(amic ester) (PAE), a precursor that contains
ester groups. The carbonyl carbon of oligomeric FPAAS is attacked by
amines. Subsequently, the PrOH that was bonded to the ester is sepa-
rated, forming an amide group, and imidization ensues. In this process,
oligomeric FPAAS acts similarly to PAE, and mechanism analysis was
conducted based on the literature [38]. As the temperature increases, a
series of reactions occurs rapidly, leading to the formation of high mo-
lecular weight polyimide. The solvent evaporates slowly until it reaches
its boiling point of 100 °C. After the solvent has completely evaporated,
oligomeric FPAAS is converted to FPI through solid-state polymeriza-
tion, resulting in an increase in molecular weight starting at 150 °C. The
experimental section contains a detailed description of the synthesis
conditions and thermal imidization process of oligomeric FPAAS salts.

In the early stages of FPI production, we optimized the co-solvent
using 4,4'-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) and
2,2-bis(trifluoromethyl)benzidine (TFMB) as monomers, both of which
are widely known monomers with common fluorine-based substituents.
The selection of an appropriate co-solvent was crucial and required
specific criteria. To enable polymerization in aqueous systems, it was
imperative to increase the water solubility of hydrophobic fluorine-
based materials. Our approach was guided by the well-established
mechanism of interfacial polymerization of PAAS in the presence of
organic bases, particularly DMAP [39]. The reaction mechanism is
influenced by the solubility and dispersibility of dianhydrides in
aqueous media. To facilitate the process, we added a low-surface-tension
solvent or surfactants, as outlined in reference. Therefore, we chose to
use a water-alcohol co-solvent with low surface tension to improve
monomer solubility and accelerate the polymerization process [40].

We experimentally validated this approach using various environ-
mentally friendly basic alcohol-based solvents. From the literature, we
observed the surface tension of four mixed solvents of water and alcohol:
methanol (MeOH), ethanol (EtOH), 2-propanol (IPA), and 1-propanol
(PrOH) [41]. The results indicate a significant reduction in surface
tension with the combination of water and alcohol. IPA and PrOH
exhibited the most substantial decrease, as shown in Fig. 2a. Both
fluorinated monomers dissolved successfully at a polymerization tem-
perature of 70 °C within 24 h, as depicted in Fig. S1a. The use of alcohol
as a co-solvent improved the solubility of the fluorinated monomers,
demonstrating the potential for co-solvent-assisted synthesis. The
decrease in surface tension was crucial in improving solubility and
promoting interactions between reactants, which accelerated the poly-
merization process.

Various alcohol solvents were used to successfully synthesize oligo-
meric fluorinated FPAAS for 6FDA-TFMB@DMAP. A homogeneous and
colorless precursor solution was achieved through a 1:1 mixture of
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Fig. 1. Schematic representation of the eco-friendly synthetic reaction pathway using a water-alcohol co-solvent. (a) Synthetic scheme illustrating the synthesis of
6FDA-based FPIs with three different fluorine-based diamines: TFMB, TFMPDA, and 6FpPDA. (b) Diagram depicting the solid-state polymerization process, trans-
forming oligomeric FPAAS into high molecular weight FPI during thermal treatment.

alcohol and water (Fig. S1b). Structural analysis of the synthesized
precursor via 'H NMR confirmed peak shifts, indicating reactions with
the employed monomers (Fig. S1c). The use of the organic base DMAP,
with a suitable pKa value, significantly facilitated the reaction under
these conditions, ensuring effective solubility and interactions. The next
step in the production of FPI involves the thermal imidization of the
precursor. Therefore, it was crucial to select a co-solvent with a boiling
point close to that of water. Supplementary Table S1 shows that 1-
propanol (PrOH), which has a boiling point of 97 °C, closely matches
the boiling point of water at 100 °C. Experiments with four different
alcohols as solvents confirmed the impact of boiling point differences on
film integrity. The results revealed that film formation becomes
increasingly challenging as the boiling point deviates from that of water.
In addition, slight differences in the final imide structures were
observed, with residual peaks indicating unreacted by-products for
EtOH and MeOH compared to PrOH and IPA (Fig. S1d).

Based on these considerations, it was concluded that a mixture of
water, PrOH, and IPA in a 1:1 ratio, with a surface tension of approxi-
mately 25 mN m ™", would be more efficient for the co-solvent-assisted
reaction. In particular, PrOH was identified as the optimal solvent due
to its desirable surface tension characteristics and boiling point,
consistently yielding uniform films. FPAAS precursors were then

synthesized using a co-solvent composed of PrOH and water. Different
ratios of water and PrOH were investigated, as shown in Fig. S2. A
colorless and transparent FPAAS solution formed when the PrOH con-
tent reached 40 %, but phase separation occurred over time. To ensure
consistent production of a homogeneous FPAAS solution, the PrOH
content needed to exceed 50 wt%. Therefore, all subsequent experi-
ments used a co-solvent with a 5:5 ratio of water and PrOH, containing
the lowest PrOH proportion for consistency. In the event that the PrOH is
absent or insufficient, as evidenced by the synthesis result image, the
synthesis and FPI production are unfeasible. These observations indicate
that PrOH serves as a very important factor in this study.

The oligomeric FPAAS was synthesized using a co-solvent consisting
of a 5:5 ratio of water and PrOH. The 'H NMR analysis of the FPAAS
revealed peaks at 4.1 ppm, 1.6 ppm, and 0.9 ppm in Fig. 2b, indicating
binding of PrOH to the end of 6FDA within the oligomeric structure. The
addition of PrOH also increased the solubility of previously insoluble
TFMB, indicating progress in the reaction. Fig. S3 provides additional
information on the impact of PrOH on monomers, verifying the suc-
cessful synthesis of fluorine-based monomers that were previously
difficult to synthesize in water. The molecular weight of the oligomeric
FPAAS was measured using gel permeation chromatography (GPC) and
remained stable at approximately 1200 g mol ! after 1 h of synthesis.
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Fig. 2. Analysis of co-solvent systems optimization. (a) Surface tension variation with different alcohol mixing ratios in water. (b) 'H NMR structural analysis of
oligomeric FPAAS and reactants. (c) Molecular weight as a function of reaction time of oligomeric FPAAS. (d) Image of oligomeric FPAAS synthesis progress by

reaction time.

Even with an extended reaction time of 18 h, there was minimal change
in molecular weight, and a uniform and transparent solution was ob-
tained (Fig. 2c¢,d). This signifies that the FPAAS reaction progresses
rapidly and is successfully synthesized within one hour or less.
MALDI-TOF analysis was used in this study to measure the molecular
weight precisely, which was initially estimated through GPC. The
analysis revealed a precursor mixture with a molecular weight ranging
from 850 to 2500 g mol 1 (Fig. 3a). The results of the absolute molecular
weight analysis, inferred from the 'H NMR structural analysis high-
lighting the binding of 6FDA and PrOH to the terminal, provided insight
into the molecular structure. Fig. 3b confirms the combination of 6FDA

(a) (b)

and TFMB with PrOH attached to the end. This molecular structure and
low molecular weight result from the combination of PrOH, acting as a
solvent, with 6FDA. The ongoing reaction between the dianhydride and
diamine produces a distinct structure. In contrast to the frequently
produced high molecular weight PAAS precursors, PrOH binds to the
end of the dianhydride, stopping the reaction and resulting in oligomeric
FPAAS. All predicted structures for oligomeric FPAAS of various mo-
lecular weights are shown in Fig. S4.

The oligomeric FPAAS was prepared as described and then subjected
to a thermal imidization process. Various analyses were performed to
investigate the structural changes during this process, including 'H
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Fig. 3. Molecular weight analysis using 6FDA-TFMB@DMAP oligomeric FPAAS. (a) absolute molecular weight of oligomeric FPAAS using MALDI-TOF. (b) oligo-

meric FPAAS molecular structure predicted through absolute molecular weight.
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NMR, degree of imidization, GPC, and GIWAXS. In contrast to general
polyimides, which present analytical limitations due to their insoluble
and infusible characteristics, the FPI prepared within this study is sol-
uble due to its fluorine group, and thus was subjected to 'H NMR and
GPC analysis. The results are depicted in Fig. 4, and corresponding 'H
NMR and FT-IR spectra, along with GIWAXS profiles, for all analyzed
segments are presented in Fig. S5. The 'H NMR spectra indicate no
structural changes up to 100 °C. The evaporation of solvent is indicated
by a decrease in the PrOH signal at 0.9, 1.6, 3.3, and 4 ppm. The
structural changes become evident upon reaching 150 °C, where the
solvent has completely evaporated. The DMAP signals at 8.1, 6.7, and
3.0 ppm, which are stable up to 100 °C, display a slight shift upfield and
a decrease in intensity. Simultaneously, a change in the peak shape of
the benzene ring is observed. The imide peak becomes more prominent
starting at 200 °C and reaches a complete imide structure at 300 °C, as
depicted in Fig. 4a.

The results of the FT-IR analysis support those obtained from the
NMR analysis, indicating a gradual decrease in the intensity of the PrOH
hydroxyl peak at around 3,000 cm ™, which suggests solvent evapora-
tion. Additionally, the imidization process that occurred between 150 °C

4 a % efrd

(a) &SR]

300C 4 3edds
250°C s
;. 200C L.
3\ 150C L. 1
‘@
§ |rooc 1 1
£ laocC ] 1
RT J J
150 = 85 80 75 70 65 0.
() Chemical shift (ppm)
—~1001 .m
S e M
5 80
e .
[\ /
3 %
E !
= 40- ;
(o] ,
o ‘.
@ 20- J
[e] /s
g ,
Q o0 m---"m
0 50 100 150 200 250 300
Temperature (C)
(e)

[ 1000 -
100 - 100
- 10
- 10
-1

10
1

|
N

Chemical Engineering Journal 495 (2024) 153288

and 300 °C is confirmed by the increase in signals of C = O asymmetric
stretching at 1784 cm ™}, C = O symmetric stretching at 1723 cm ™, and
imide C-N stretching at 1360 cm ™!, indicating the formation of an imide
structure (Fig. 4b). The degree of imidization, which is calculated by
measuring the change in the imide C-N bond at 1350 cm ™}, remains at
zero up to 100 °C. It then increases rapidly at 150 °C and reaches
complete imidization at 300 °C (Fig. 4c¢). Structural changes are also
reflected in the molecular weight, as determined by GPC analysis
(Fig. 4d). Up to 100 °C, there is no observable change in molecular
weight, indicating the absence of structural changes. However, at
150 °C, a significant increase in molecular weight is observed reaching
about 12,000 g mol L. Subsequently, approximately 1,000-2,000 g
mol ™! of the precursor oligomer converts to a polymer, and simulta-
neously, the imide ring forms. During this process, the molecular weight
increases approximately 100-fold to about 90,000 g mol~. The degree
of polymerization can be quantified by measuring the change in mo-
lecular weight following the conversion of oligomeric FPAAS to FPI at
elevated temperatures. Based on the GPC analysis of 6FDA-TFMB_FPI,
the molecular weight of the polymer chain is estimated to be approxi-
mately 90,000 g mol !, while the molecular weight of the repeat unit is
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Fig. 4. Structural analysis of oligomeric FPAAS via thermal imidization step. (a) 1H NMR. (b) FT-IR. (¢) Degree of imidization. (d) GPC. (e) GIWAXS patterns of thin
films prepared on silicon oxide substrates. (f) GIWAXS out-of-plane scattering profiles.
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calculated to be 758.52 g mol~!. Consequently, the degree of polymer-
ization can be calculated to be approximately 118.

The trend is further confirmed by GIWAXS, where samples of olig-
omeric FPAAS were spin-coated on a silicon substrate at each step of
thermal imidization. The GIWAXS results confirm that the in-plane and
out-of-plane shapes are identical, as demonstrated by the complete
semicircle shape (Fig. 4e). The out-of-plane GIWAXS scattering profiles
are shown in Fig. 4f. Starting at 150 °C, a scattering peak for a new
structure is observed at 5.9-6.3 A, indicating that the short chain length
oligomeric FPAAS is arranged more randomly than the long chain length
FPL The scattering peak at 5.9-6.3 A corresponds to the peaks observed
at 150 °C, 200 °C, 250 °C, and 300 °C above the dotted line at q, = 1.
This new packing mode suggests a higher molecular weight and slightly
greater regularity than before, which supports the reasoning for solid-
state polymerization mentioned previously. The analysis of the pack-
ing mode of the internal structure was performed with reference to the
literature [42], and the d-spacing values for all peak positions in the
graph are given in Table S2.

Based on the structural analyses conducted during thermal imid-
ization, it is clear that the reactions in this study involve not only
imidization but also novel polymerization within the thermal imidiza-
tion process. As the solvent completely evaporates at lower tempera-
tures during thermal imidization, the oligomeric FPAAS undergoes a
new reaction as the temperature rises. This process follows a trajectory
similar to conventional solid-state polymerization but diverges from

existing polyimide solid-state polymerization methodologies.
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Traditional polyimide production through solid-state polymerization
involves forming powders, which requires high-temperature and high-
pressure autoclaves for reacting monomer salts dispersed in water
[43,44]. However, the new solid-state polymerization methods used in
this study offer significant advantages. The production of oligomeric
FPAAS can be achieved in less than an hour using this method, which is
amenable to a solution approach with a uniform solution-type precursor,
making processing straightforward. The use of water and alcohol as a co-
solvent in the precursor synthesis aligns with an environmentally
friendly approach. High molecular weight polyimides can be easily
synthesized from precursors that do not require molecular weight con-
trol through solid-state polymerization during thermal imidization. This
process was subjected to repeated testing, demonstrating excellent
reproducibility (Table S3).

Furthermore, the salt-state precursors exhibit excellent storage sta-
bility. This was demonstrated through an analysis of the prepared FPI
samples stored at room temperature and under frozen conditions for
more than three weeks. The results confirmed that FPI manufactured
from samples stored under both conditions for three weeks exhibited the
same high molecular weight and well-formed structure (Fig. S6).

The physical properties of FPI films, prepared through solid-state
polymerization, were comprehensively analyzed, as shown in Fig. 5.
To evaluate the optical properties of the manufactured FPI, we
compared the physical properties with experimental and literature
values of a commercially available colorless polyimide film (L-3430
from Mitsubishi Gas Chemical) and 6FDA-TFMB-based FPI synthesized
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Fig. 5. Analysis of physical properties of fabricated polyimide films. (a) TGA thermogram. (b) Dynamic mechanical profile. (c) Stress—strain curve for mechanical
property analysis. (d) Optical properties. The study compared various physical property analyses of the co-solvent based FPI fabricated in this study, the FPI

fabricated with an organic solvent, and MGC’s/L3*3° as comparison groups.
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from an organic solvent of DMAc (O-FPI). Fig. S67 displays the analysis
of O-FPI prepared using organic solvents. The 'H NMR analysis
confirmed the well-formed structures of the synthesized O-FPAA and O-
FPI. Subsequently, GPC analysis confirmed the production of O-FPI
equivalent to about 70,000 g mol .

The thermal properties of FPI films were evaluated using TGA and
DMA. The TGA analysis results in Fig. 5a show that the Tq sy, value is
570 °C, indicating excellent stability even above 500 °C. This indicates
that the DMAP base, used to form the salt, was fully eliminated when
compared to the oligomeric FPAAS curve in Fig. S8. Additionally, the
DMA data in Fig. 5b confirms the excellent heat resistance of the
fabricated FPI film, with a recorded Ty of 366.6 °C. Compared to FPI
films synthesized using organic solvents, the thermal properties were
either equivalent or superior. The results of this study indicate that the
thermal properties of the FPI film are superior to those of MGC’s/L 3430
film. The mechanical properties of the FPI films were evaluated using
UTM and the results are shown in the graph in Fig. 5c. The tensile
strength was measured to be 116.5 MPa and the elongation at break was
3.7 %. When compared to organic films of similar composition, it was
confirmed to have almost equivalent values. However, the mechanical
properties of general PI are somewhat superior to those of this material.
This is because the charge transfer complex formed in FPI is suppressed
compared to general PI, resulting in lower mechanical properties. These
restriction are due to the inherent mechanical limitations of the mono-
mers used. To solve this problem, further improvements are needed,
such as the preparation of composite PIs using monomers that can
impart stiffness [45,46,47,48,49]. The optical properties of FPI films
were evaluated using a spectrophotometer and a haze meter. The haze
meter was used to measure the transmittance, which is the total trans-
mittance over the wavelength range of 300 to 780 nm. According to the
results shown in Fig. 5d, the yellow index of the 24 pm thick FPI film
prepared in this study was determined to be 1.3, with a transmittance of
92.9 % and a haze value of 1.4 %. These results indicate that the optical
properties of the FPI films are comparable to those of Mitsubishi Gas
Chemical’s (MGC) L-3430 and FPI synthesized in organic solvents. The
visual representations of the three films, namely MGC’s/L 3430, FPI
synthesized in organic solvents, and FPI synthesized in co-solvents, are
shown next to the graph of the optical properties, excluding the litera-
ture values. The images clearly show that all three films were produced
with transparent and uniform quality.

Table 1 presents a comprehensive comparison of the physical prop-
erties across four variants of fluorinated polyimides (FPIs). Utilizing a
novel co-solvent system we developed, the oligomeric fluorinated poly
(amic acid) salt (FPAAS) precursor was synthesized and subsequently
processed into FPIs through solid-state polymerization and thermal
imidization. The resulting FPIs exhibited physical properties that were

Table 1
Comparison of various 6FDA-TFMB based FPIs and physical properties.
MGC? O-PI°  O-PI This work
L-3430 Ref®
Mechanical Tensile strength (MPa) 100.9 99.4 109.1 116.5
Elongation at break (%) 6.9 5.8 4.9 3.7
Thermal Tq,50% (°C) 493 541.8 567 570
T, (°C) 306 351 365.9 366.6
(303)
Optical Thickness (pm) 105 65.5 25 24
Yellow index 1.35 1.3 1.32 1.37
(1.5)
Transmittance (%) 91.7 89.7 93.1 92.9
(95.1)
Haze (%) 0.9 1.7 0.64 1.4
(0.1)

(): catalog value
# MGC: Mitsubishi gas chemical Co. Ltd, Japan.
b O-PI: polyimide synthesized from organic solvents of DMAc.
¢ Ref. [50].
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on par with those synthesized using conventional organic solvents,
affirming the efficacy of our method in broadening the applicability of
fluorine-based monomers in sustainable polymer synthesis.

To investigate the suitability of our method for various fluorine-
based monomers, we introduced variations by keeping the dianhy-
dride while expanding the diamine to include 2,2-bis(trifluoromethyl)
benzidine (TFMPDA) and 2-(trifluoromethyl)-1,4-phenylene diamine
(6FpDA). The characterization of the FPI produced from the synthesized
precursors and the thermal imidization process is described in detail in
Fig. S9 and Fig. S10. The oligomeric FPAAS derived from 6FDA-
TFMPDA@DMAP and 6FDA-6FpDA@DMAP exhibited a consistent low
molecular weight of approximately 1200 g mol~?, similar to the previ-
ous synthesis. Notably, 'H NMR analysis confirmed the presence of
PrOH signals attached to the end of 6FDA at 4.1, 1.6, and 0.9 ppm,
affirming the molecular weight and structure achieved in the synthesis
of oligomeric FPAAS. Furthermore, the molecular weight of the FPI
produced through the thermal imidization process of FPAAS signifi-
cantly increased compared to the previous case. This observation sug-
gests that the same solid-state polymerization technique can be applied
not only to FPI prepared with the earlier combination of 6FDA and
TFMB but also to various monomers with fluorine-based substituents,
such as TFMPDA and 6FpDA. The simplicity, convenience, and envi-
ronmental friendliness of this solid-state polymerization method make it
particularly noteworthy.

As the described FPIs provide remarkable optical transparency and
thermal stability, a potential application includes transparent heaters for
anti-fogging or anti-frosting devices. The application utilized polyimide
made from commonly used fluorine-based monomers, 6FDA and TFMB.
To demonstrate this point, AgNWs are coated on FPI substrates via a
vacuum filtration transfer method, then, subsequently patterned via
laser ablation [51,52] to fabricate FPI/AgNW heating devices. Briefly,
AgNW inks with various concentrations can be vacuum-filtered, then
can be physically transferred on top of a prepared FPI substrate. The
resulting FPI/AgNW heaters provide optical transparency, as shown in
Fig. 6a, based on a low-density percolation network with randomly
oriented AgNWs (Fig. S11). As expected, a tradeoff relation is observed
between optical transmittance (Fig. 6b) and electrical conductivity
(Fig. 6¢) by controlling AgNW density. For example, increasing AGNW
density results in increasing conductivity with lower transmittance. For
a quick note, FPI substrates maintain its original optical properties
during the entire vacuum filtration transfer process including UV/ozone
pretreatment for transfer AGNW electodes (Fig. S12). Considering both
optical transparency and electrical conductivity, a density of AGNW 120
mg m ™2 was selected for transparent heating device applications.

The resulting FPI/AgNW heaters provide electrothermal heating (i.
e., Joule heating) properties by applying electrical input voltage through
AgNW-based percolation networks, as shown in Fig. 6d and Fig. S13.
Based on the thermal stability of the FPI substrates, the heaters can be
well-performed to increase the temperature up to 100 °C under 9 V of
electrical stimuli. To expand the utilization of the exceptional thermal
properties of FPI substrates, the FPI/AgNW heaters can be further pro-
cessed via selective laser ablation to pattern the AGQNW electrodes. Using
an IR pulse laser, the transferred AgNW networks can be selectively
removed along the desired path without damaging the thermally stable
FPI substrates, enabling spatially controlled patterning of the heaters, as
shown in Fig. 6e and Fig. S14. The patterned heaters enable spatially
controlled selective heating capabilities, thus, successful removal of fog
at the desired wavy area can be achieved. As a brief summary, presented
FPIs provide not only eco-friendly synthetic strategies but also versatile
capabilities in many potential engineering applications.

4. Conclusion
In summary, we have developed an innovative, environmentally

friendly synthesis method for fluorinated polyimides (FPIs) using a
water-alcohol co-solvent approach. This method effectively addresses



S. Park et al.

@

Bare 60 mg m2 120 mg m?2 180 mg m?2 240 mg m?
KRICT KRICT KRIiCT KRICT KRICT
® ©
] i
5 501 /—\_’\\ o 250
9 N € 200
2 60 3
§ E 150
E
H ——60 mg m? 2 100
= 20 ——120 mg m*? ®
2 ——180 mg m? % 50 I
— -2
o 240mgm o — =
400 500 600 700 800 60 120 180 240
Wavelength (nm) AgNW density (mg m?)
(d) 160
140 |
120 - .
g : ™.
g 100 — av I}
T g v y
mmmEE
1\
40 ) ] i
20
0 100 200 300 400 500 600
Time (s)
(e)

) s 1 ] S
’% g -~ 80°C B
Bare FPI %

Fig. 6. Optical, electrical, and electrothermal heating properties of FPI/AgNW
heaters. (a) A series of optical images showing optical transparency as a func-
tion of AgGNW density. (b) Optical transmittance of FPI/AgNW heaters prepared
by varying AgNW density. (c) Electrical sheet resistance of FPI/AgNW heaters
prepared by varying AgNW density. (d) Electrothermal heating properties of
FPI/AgNW heaters by increasing input voltage from 1 to 9 V. Insets show a
series of IR images as a function of input voltage. (e) Spatially controlled se-
lective heating of laser-patterned FPI/AgNW heaters and anti-
fogging capability.

the environmental concerns associated with traditional organic solvents,
presenting a sustainable alternative for FPI production. Our research
successfully demonstrates the synthesis of oligomeric fluorinated poly
(amic acid) salt (FPAAS) precursors, which exhibit robust hydrolytic
stability and can be converted into high molecular weight FPI films
through a novel solid-state polymerization and thermal imidization
process. The FPI films obtained exhibit remarkable thermal stability,
low yellow index, high transparency, and substantial tensile strength,
which are comparable to those synthesized using conventional methods.
Additionally, the use of FPI in the development of transparent heaters,
with silver nanowire (AgNW) electrodes patterned via laser ablation,
demonstrates the material’s potential in creating anti-fogging or anti-
frosting devices. These devices demonstrate exceptional electro-
thermal heating capabilities, reaching temperatures of up to 100 °C with
a 9 V electrical stimulus, while maintaining both optical transparency
and thermal stability. Additionally, our research expands the versatility
of this synthesis approach to include monomers with various fluorine-
based substituents, thereby broadening the scope of FPI applications.
This approach offers the advantages of facile FPI synthesis without the
need for meticulous molecular weight control, while adhering to envi-
ronmentally friendly principles, which distinguishes it from traditional
organic synthesis methods. In addition, the exceptional properties of the
FPIs suggest a promising potential in many open opportunities in engi-
neering applications.
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